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Alternative energy source such as coal bed methane is gaining huge demand as 
the world’s energy consumption is increasing every year. Coal bed methane gas is 
produced from coal seam reservoirs and often produced at shallow depths. Some of the 
gas is stored in the coal reservoir as free gas and some is held at the surface of the coal 
by adsorption in the micropores. The adsorbed gas can only be produce when the 
reservoir pressure is low. The complex structure of the coal makes it harder to produce 
the adsorbed gas because of the high pressure between the coal cleats. By changing the 
structure of the coal, the adsorbed gas will be release as free gas since the pressure 
between the coal cleats has been reduced. Alkylation of coal process is proved to 
increase the solubility of coal by changing the structure of the coal using alkyl halides. 
There are many type of alkylation agent for the alkylation process and the quality of the 
product is depending on them. In this study, the effect of alkylation on the 
characterization of the coal is determined. The coal sample is first subjected to alkylation 
process using two different alkylating agents (a straight chain and a branched chain 
alkylating agents) by refluxing the coal sample with the alkylating agent for 24 hours. It 
is found that the alkylation process increases the weight of the coal sample by 21.54% 
when a branched chain alkylating agent is used and only 13.88% when a straight chain 
alkylating agent is used instead. Apart from alkylating the coal, the characterization 
using the Fourier Transform Infrared spectroscopy is performed to identify the molecules 
that are present in the coal. The branched chain alkylating agent gave more infrared 
absorption peaks as compare to the straight chain alkylating agent. Therefore, a branched 
and longer carbon chain of alkylating agent used for the alkylation process has more 
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Coal bed methane is a natural gas produced from coal beds and is formed by the 
geological process of coal generation [1]. Figure 1.1 shows coal bed methane is 
produced at shallow depths and it is produced with large amount of water [2]. For coal 
bed methane well, the water production comes in large volumes at the early stages of 
the production [3, 4, 5]. As the amount of water inside the coal decrease, the amount of 
methane production starts to increase [3, 4, 5]. More than ninety percent of the gas is 
methane and the remaining is a very small proportion of heavier hydrocarbons such as 
ethane and butane as well as other gases such as carbon dioxide and hydrogen sulfide 
[1]. Coal bed methane is important for the industries since it is an alternative energy 
source to support the increasing demand for energy [2, 6]. 
 




Coal bed methane can be recovered by two methods, which are primary 
recovery and enhanced coal bed methane recovery [2]. The primary method can recover 
coal bed methane up to 60% of the reserve and the enhanced coal bed methane method 
can recover up to 80% of the reserve [2]. For enhanced coal bed methane recovery, 
gases such as carbon dioxide and nitrogen are injected into the coal seams to displace 
the methane that has been adsorbed on the surface of the coal to improve the recovery 
of methane from the reservoir [8, 9].  
 On the other hand, coal is a type of sedimentary rock that is formed by the 
burial of dead plant with sediments under high temperature and pressure [10]. There are 
four ranks of coal that have been classified as a result of the variation of materials that 
was buried with the dead plant as well as the time factor for the coal to form [11, 12]. 
The four ranks of coal in are Lignite, Sub-bituminous, Bituminous and Anthracite and 
the rank is increasing from Lignite to Anthracite [11, 12, 13, 14]. The energy content of 
the coal is higher as the rank of coal increases since it has more carbon content [13, 14, 
15].  
Coal can react with many substances and undergoes different processes such as 
combustion, hydrogenation, halogenation, hydrolysis and alkylation. Alkylation of coal 
is a process that increases the solubility of the coal in various organic solvents and 
hence enhancing its reactivity to liquefaction. Coal allows itself to be alkylated by 
substituting one of its hydrogen atom with an alkyl group. [18] 
Therefore, this project will study the effects of alkylation on the characterization 









1.2 Problem Statement 
Coal bed methane is a natural gas produced from coal bed and is formed by the 
geological process of coal generation. Some of the gas is stored in the coal reservoir as 
free gas and some is held at the surface of the coal by adsorption in the micropores. The 
adsorbed gas can only be produce when the reservoir pressure is low. The complex 
structure of the coal makes it harder to produce the adsorbed gas because of the high 
pressure between the coal cleats. By changing the structure of the coal, the adsorbed gas 
will be release as free gas since the pressure between the coal cleats has been reduced.  
Alkylation of coal process is proved to increase the solubility of coal by changing 
the structure of the coal using alkyl halides. There are many type of alkylation agent for 
the process and the quality of the product is depending on them. Therefore, a study to 
identify which alkylating agent will have more effects on the properties of the product 
that can affect the methane adsorption of the Malaysian coal should be conducted. 
 
1.3 Objectives 
The objectives are to: 
 Determine the porosity and permeability of Malaysian coal sample before 
alkylation process. 
 Characterize the coal sample and its alkylated products. 
 
1.4 Scope of Study 
The scopes of study for this project are: 
 Type of alkylation process. 
 Components of alkylation process. 








2.1 General Description of Coal 
Coal is a type of sedimentary rock that is formed by the burial of dead plant with 
sediments under high temperature and pressure [10]. Dead plant started to decay when 
they fell to ground and new plants grew over the decaying plant [11]. The layer of the 
decaying vegetation was pressed tightly together by the material on top of it and over a 
long period of time, pressure turned the vegetation into peat [11]. This process was 
repeated for several times until the peat turned into coal as water was squashed out of 
the peat [11].  
There are four ranks of coal that have been classified as a result of the variation 
of materials that was buried with the dead plant as well as the time factor for the coal to 
form [11, 12]. The four ranks of coal in are Lignite, Sub-bituminous, Bituminous and 
Anthracite and the rank is increasing from Lignite to Anthracite [11, 12, 13, 14]. 
Different ranks of coal have different carbon content, volatile matter and moisture 
content as shown in Table 2.1 [11, 13, 14, 15]. Generally, higher rank of coal has higher 
carbon content and it has lower volatile matter and moisture content compared to lower 
rank of coal [14, 15]. The detail for each rank of coal is shown in Table 1 below [15]. 
Table 2.1: Detail for each rank of coal. [15] 








Peat 60 > 53 16800 > 75 
Lignite 60 – 71 49 – 53 23000 35 
Sub-bituminous Coal 71 – 77 42 – 49 29300 10 – 25 
Bituminous Coal 77 – 87 29 – 42 36250 8 





More than 70 % of the coal’s volume is made of carbon and this value is 
depends on the rank of the coal [14]. Higher rank of coal has higher carbon content 
since it contain less hydrogen, oxygen and nitrogen [14]. Higher carbon content leads to 
a higher calorific or energy value because it gives off more heat during combustion [14, 
15].  
Volatile matter is the material that is produced from the coal when it is heated to 
950°C in the absence of air under specific conditions [14]. The components of coal, 
such as carbon, hydrogen, oxygen and sulfur is liberated usually as a mixture of short & 
long chain hydrocarbons, aromatic hydrocarbon and some sulfur [14, 16]. The volatile 
matter is consists of a mixture of gasses, organic compounds and tars [14]. As the rank 
of coal increases, the volatile matter becomes lesser [14]. 
Moisture is an important property of coal as it is necessary for burning coal to 
have low water content. As the rank of coal increases, the moisture content decreases. 
Groundwater and other extraneous moisture make the coal wet and it can be readily 
evaporated at room temperature. This type of moisture is called the adventitious 
moisture. The inherent moisture is the moisture held within the coal itself and it is 
difficult to be removed. There are four possible forms of moisture in coal, which are 
surface, hydroscopic, decomposition and mineral moisture. The water held on the 
surface of coal particle or macerals is called the surface moisture. Hydroscopic moisture 
is for the water held by capillary action within the microfractures of coal. The water 
held within the coal’s decomposed organic compounds is called the decomposition 
moisture and the mineral moisture is the water which comprises part of the crystal 
structure of hydrous silicates, such as clays minerals. Moisture is determined by the 
total moisture that is calculated as the weight loss between the untreated and analyzed 
samples. For low-rank coals, the moisture can be determined by heating the coal with 
toluene or by drying the coal in minimum free-space oven at 150°C in nitrogen 
atmosphere and for high-rank coals, the moisture can be determined by drying the coal 
in air at 100°C to 105°C. The method for the high-rank coals can also be used to 
determine the inherent moisture when in vacuum condition but it is not suitable for the 




2.2 Alkylation of Coal 
Alkylation is a process of transferring an alkyl group into a molecule from other 
molecule. This process will significantly change the properties of the molecule and 
allow for numerous commercial processes to take place. For example, the reaction of 
isobutene with propene or butene in the presence of a catalyst will produce isoparaffins 
for high quality motor fuel. [19, 20] 
Alkylation of coal is a process that increases the solubility of the coal in various 
organic solvents and hence enhancing its reactivity to liquefaction. Coal allows itself to 
be alkylated by substituting one of its hydrogen atom with an alkyl group. Figure 2.1 
shows an example of the process is reacting alkyl chloride with coal in the presence of 
aluminum chloride in a solvent such as carbon disulfide. The reaction increases the 
solubility of the coal from 11% to 39% pyridine-soluble material. Another example of 
alkylation of coal is reacting coal with alkene or alcohols in the presence of aluminum 
chloride will increase the solubility of the coal to more than 50% in quinoline solution. 
[18] 
 
Figure 2.1: Chemical reaction of coal and alkyl chloride in the presence of aluminum 
chloride. [18] 
 
Reductive alkylation was introduced as the alkylation of coal concept expanded 
to numerous studies relating to the coal structure [18, 21, 22, 23, 24]. It is necessary to 




is the chemical reaction for the reductive alkylation of coal by using metallic potassium 
and naphthalene in tetrahydrofuran [18]. 
Coal + nK (in THF/naphthalene) → Coaln- nK+                        [18] 
 
‘Coal anion’ is produced as the product of the reaction through an electron 
transfer process and then it can be alkylated by using alkyl iodide. Below is the 
chemical reaction for the alkylation process. [18, 22, 23, 24] 
 
Coal n- + nC2H5I → coal(C2H5) + nI-                        [18, 22, 23, 24] 
 
In 1877, Charles Friedel and James Crafts discovered two reactions to attach 
molecule to an aromatic ring [25]. One of the reactions is called Friedel-Crafts 
alkylation that uses alkyl halide to alkylate an aromatic in the presence of strong Lewis 
acid catalyst [25]. This reaction is applicable to alkylate coal since coal is a complex 
macromolecule and mostly consist of aromatic structure [18, 26]. Figure 2.2 shows a 
coal consists of a number of benzene rings is react with alkyl halide such as alkyl 
chloride in the presence of strong Lewis acid catalyst such as aluminum chloride will 
substitute one of it hydrogen atom with the alkyl molecule from the alkyl chloride [25]. 
 
 
Figure 2.2: Chemical reaction of Friedel-Crafts alkylation of a benzene ring with alkyl 





There are three components for the alkylation process of a coal which are the 
type of solvent, the type of alkylating agent and the presence of a catalyst. Solvents 
such as carbon disulfide, pyridine, quinolone, liquid paraffin, anthracene oil and tetralin 
have different rate of effectiveness in term of the extractability of the product for the 
alkylation process. Anthracene oil proved to be the best solvent for the process while 
tetralin gave poor result. Alkylating agents such as alkyl halides, alkanes, alkenes and 
alcohols are also have some effects to the extractability of the product. The use of 
aluminum chloride as a catalyst improves the extractability of the product by a good 
amount. [26] 
 
2.3 Comparison between Conventional Gas and Coal Bed Methane 
Natural gas consists primarily of methane and it is produced from both 
conventional and unconventional reservoirs. It is easier to produce from the 
conventional reservoir than the unconventional reservoir. The major differences 
between the conventional and unconventional natural gas are the method, difficulty and 
cost to produce the gas. [27] 
Conventional gas is occupying the pore spaces of the rock formation as free gas 
[27]. The gas is trapped in the rock structures that are caused by folding or faulting of 
sediment layers [28]. Some factors are required for the conventional gas to be 
accumulated [28]. The factors are source rock, migration, trap and reservoir [28]. 
Source rock is an organic rock that produces the hydrocarbons [28]. It composed of 
either marine or terrestrial organic debris that has been compacted by layers of rocks at 
high pressure and temperature [28]. Channels of interconnected pore spaces of the rock 
allow the hydrocarbon produced by the source rocks to migrate upwards due to the 
pressure of the reservoir until they reach the trap [28]. Trap or seal is a non-porous or 
impermeable layer of rock that restricts the flow of fluid [28]. It allows the 
accumulation of hydrocarbons into a certain location inside the formation [28]. The 
high porosity and permeability rock that holds the hydrocarbons below the trap is called 




Coal formations are both the source rock and the reservoir for the coal bed 
methane [5]. Methane is held at the surface of the coal by adsorption in the micropores 
[3, 5, 33, 34]. The gas is produced by reducing the reservoir pressure during the coal 
bed methane production [3, 4, 5]. Reducing the reservoir pressure can be achieved by 
dewatering the reservoir [3, 4, 5]. Therefore, water must be removed before methane 
can be produced in the early production life of a well [3, 4, 5]. During the early stage of 
the production, only small volume of methane can be produced as shown in Figure 2.3 
[3, 4, 5]. When pressure has decreased sufficiently by removing the water, only then the 
methane production will increase [3, 4, 5]. Figure below shows the relationship between 
the water and methane production over the time of the production [29].   
 
 
Figure 2.3: The relationship between water and methane production over the time of 
production. [29] 
  
Some of the coal bed methane is stored in the coal reservoir as free gas and 
some is held at the surface of the coal by adsorption in the micropores [3, 5, 33, 34]. 
The adsorbed gas is stored differently than the free gas and its adsorption nature is 




2.4 Coal Adsorption 
Coal adsorption is a mechanism for hydrocarbon gases to be stored in a coal 
reservoir [3]. It is not the same as the mechanism of gas storage in the conventional 
reservoir [3, 33, 34]. Hydrocarbon gases are occupying the pore spaces in conventional 
reservoir as free gas, however for a coal reservoir, methane is held to the surface of the 
coal by adsorption in the micropores [3, 5, 33, 34]. Large volume of gas is able to be 
stored in the coal since the surface area within the micropores is very large [3]. For 
example, one pound, of coal has a surface area of 55 football fields and one ton of coal 
has a surface area of one billion square foot [3]. The gas in a good coal bed well in San 
Juan or Warrior Basin would have two or three times more volume than a sandstone 
reservoir of identical depth having 25% porosity and 30% water saturation [3]. 
For the conventional reservoir, the gas is stored by the principle of the gas laws 
since it is affected by the pressure, volume and temperature of the reservoir [33]. 
However, the adsorbed gas in the coal reservoir is not affected by the gas laws and it 
takes up significantly less space than the gas of the same mass would require within the 
pore spaces of the conventional reservoir [33]. Langmuir Isotherm is used to determine 
the quantity of the adsorbed gas in coal reservoir at constant temperature [33]. Most of 
the parameters used in the Langmuir Isotherm are required during coring, logging and 
drilling operation [33]. The term “Isotherm” refers to the volume of gas adsorbed on the 
surface of a solid as the function of pressure for a specific temperature, gas and solid 
material [35]. According to Type I Adsorption Isotherm, the amount of adsorbed gas in 
a microporous solid is asymptotic with pressure as the pressure is increases and the 
amount of adsorbed gas is decreases as the temperature is increases [35].  
In order for the adsorbed gas to be released or produced, the pressure in the 
matrix of the coal need to be reduces. Therefore, water must be removed before 






2.5 Adsorption Isotherms 
The process of adsorption data is usually represented by an adsorption isotherm 
which is a plot of the quantity of absorbate adsorbed on the surface of adsorbent against 
the pressure at constant temperature [30, 31]. The adsorbate is adsorbed on the 
adsorbent is the basic of adsorption isotherm [30]. Furthermore, there are three different 
theories in adsorption isotherms that are commonly used to study the adsorption process 
[30]. The theories in adsorption isotherms are Freundlich, Langmuir and BET theory 
[30]. Below is the reaction process between the adsorbate and the adsorbent [30]. AB is 
the product of the adsorption process [30]. 
      
 Freundlich Isotherm is an empirical expression that represents the adsorption of 
a unit mass of gas adsorbed by a unit mass of a solid adsorbent as a function of pressure 
at constant temperature. The Freundlich Isotherm is applicable for the relationship of 
adsorption with pressure at low pressure condition. Below is the equation of the 








Langmuir Isotherm states that dynamic equilibrium exists between the adsorbed 
gaseous molecules and the free gaseous molecules. It is the relationship between the 
numbers of active sites of the surface of adsorbent that undergoing adsorption as a 
function of pressure. The Langmuir Isotherm is limited only for low pressure condition. 












 BET Theory states that multilayer formation is the actual case of adsorption. 
Monolayer in nature is one of the assumptions of Langmuir Isotherm. At low pressure 
condition, gaseous molecules have high thermal energy and escape velocity. As a result, 
few numbers of gaseous molecules are available near the surface of the adsorbent. At 
high pressure and low temperature condition, the gaseous molecules have low thermal 
energy. Therefore, more gaseous molecules are available near the surface of the 
adsorbent. Under this condition, multilayer adsorption occurs and it is explained by the 
BET Theory. Below is the BET equation. [30] 
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 There are five different types of adsorption isotherm, which are the Type I, Type 
II, Type III, Type IV and Type V Adsorption Isotherm. Figure 2.4 shows Type I 
Adsorption Isotherm that represents the monolayer adsorption and it can be easily 
explained by using the Langmuir Isotherm. The example for Type I Adsorption 







Figure 2.4: Type I Adsorption Isotherm. [30] 
 
Type II Adsorption Isotherm shows large deviation from the Langmuir 
Isotherm. The middle flat region in the isotherm is corresponding to the monolayer 
formation as shown in Figure 2.5 [30, 32]. The example for this type is the adsorption 
of water vapour on carbon black at 30°C [32]. 
 
Figure 2.5: Type II Adsorption Isotherm. [30] 
 
Figure 2.6 shows Type III Adsorption Isotherm describes the formation of 
multilayer and there is no flat region in the isotherm which indicates that the absent of 
the monolayer [30]. The example for Type III Adsorption Isotherm is the adsorption of 





Figure 2.6: Type III Adsorption Isotherm. [30] 
 
For Type IV Adsorption Isotherm, formation of monolayer is followed by 
multilayer as shown in Figure 2.7. There is a possibility of gases to be condensed in the 
tiny capillary pores of the adsorbent at pressure below the saturation pressure of the gas. 
The example for this type is the adsorption of Benzene on Iron Oxide or silica gel at 
500°C. [30] 
 
Figure 2.7: Type IV Adsorption Isotherm. [30] 
 
Figure 2.8 shows Type V Adsorption Isotherm which also describes the 
phenomenon of capillary condensation of gas similar to Type IV Adsorption Isotherm. 
Adsorption of water vapors at 1000°C on charcoal is the example for this type. Below is 





Figure 2.8: Type V Adsorption Isotherm. [30] 
 
2.6 Fourier Transform Infrared Spectroscopy 
Fourier Transform Infrared spectroscopy studies the interaction of infrared light 
with matter [36]. It identifies chemical compounds in paints, coatings, polymers, 
medicines, foods and other products [37]. The Fourier Transform Infrared Spectroscopy 
provides quantitative and qualitative analysis for organic and inorganic samples [37]. It 
is an effective analytical instrument for characterizing covalent bonding and detecting 
functional groups [37]. Fourier Transform Infrared Spectroscopy identifies chemical 
bonds in a molecule by producing an infrared absorption spectrum, which is the 
fundamental measurement that plots the measured infrared intensity versus the 
wavelength or the frequency of light [36, 37]. 
Infrared radiation is passed through a substance in Infrared Spectroscopy. Some 
of the infrared radiation is absorbed by the substance and the remaining infrared 
radiation passed through. The molecular fingerprint of the substance is created as the 
resulting spectrum represents the molecular absorption and transmission. Like human 
fingerprint, different substance or material has a unique combination of atoms. 





In Infrared Spectroscopy, units called wavenumbers are commonly used to 
indicate different types of light [36]. The relationship of speed of light, frequency and 
wavelength is shown in the following equation: 
𝑐 = 𝑣𝜆 
The equation below shows the relationship of wavelength and wavenumber of 
light: 
𝑊 =  1 𝜆⁄  
These equations show that light waves can be described by their frequency, 
wavelength and wavenumber. Usually, light waves are referred by their frequency or 
wavelength but their wavenumber is used for the infrared absorption spectrum instead 
as shown in Table 2.2. [36]  
Table 2.2: Wavenumber of several types of light. [36]     
> 14000 cm-1 
Visible 
UV & X-rays 
14000 cm-1 
Near Infrared 
4000 to 400 cm-1 
Mid Infrared 
400 to 4 cm-1 
Far Infrared 













Chemical bonds of a molecule vibrate when it absorbs infrared radiation. A 
molecule vibrates at a specific frequency. Therefore, different molecules vibrate at 
different frequencies because they have different chemical structures. This is why 











3.1 Research Methodology 
 
Figure 3.1: Flow chart of research methodology. 
Start
Literature Review
Development of Experimental Procedure & 
Analysis
Coal Properties Test: Porosity, Permeability & 
Compressibility Test
Alkylation of Coal Experiment: Friedel-Crafts 
Alkylation







3.2 Project Activities 
 
3.2.1 Coal Properties Test 
The coal properties test is to measure the initial condition of the coal sample 
before the alkylation of coal is conducted. The parameters of interest for this experiment 
are the porosity, permeability and compressibility of the coal sample. 0.38 gram of sub-
bituminous coal sample from Balingian coalfield in Sarawak is sent to the Rock Physics 
& Rock Mechanics Laboratory for testing. The equipment used for the test is the 
Mercury Porosimeter. 
 
3.2.2 Alkylation of Coal 
Friedel-Crafts alkylation process chosen for the project is based from a paper by 
Sharma and Mishra (1993). The experiment used carbon disulfide as the solvent, 
aluminum chloride as the catalyst and two types of alkylating agent, which is Butyl 
Bromide and Ethyl Hexyl Bromide. Two sets of experiment are conducted at the same 
time and a different type of alkylating agent is used in each set. 
The coal is ground to 0.25 mm or 60 US mesh size and dried at 60°C for 23 
hours. Then, 5 g of coal, 4 g of aluminum chloride catalyst and 100 ml of carbon 
disulfide solvent are treated under reflux for 24 hours. At the beginning of the reflux 
process, 5 ml of two alkylating agents; Butyl Bromide and Ethyl Hexyl Bromide is 
added dropwisely to each set over a period of 20 minutes. After 24 hours, the reaction 
products are cooled and acidified to pH 3 using 15% hydrochloric acid. The products 
are filtered and washed with methanol water (1:1 v/v) before they are dried in a vacuum 










3.2.3 Coal Characterization Test 
This part of the project studies the effects of the alkylation process on the 
characterization of the coal samples. Standard coal, butyl alkylated coal and ethyl hexyl 
alkylated coal samples are tested to determine their characteristics using the Fourier 
Transform Infrared spectroscopy. This test is to verify the types of chemical bonding 




3.3 Gantt Chart 
3.3.1 Final Year Project 1 
 
Table 3.1: Gantt chart of FYP 1 activities. 
No. Activity Week 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 Project topic selection               
2 Preliminary research work / consultations               
3 Submission of extended proposal               
4 Proposal defense               
5 Sample preparation               
6 Coal properties test               
7 Submission of interim draft report               





3.3.2 Final Year Project 2 
 
Table 3.2: Gantt chart of FYP 2 activities. 
No. Activity Week 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
1 Coal properties test                  
2 Alkylation of coal experiment                  
3 Results and discussions                  
4 Submission of progress report                  
5 Pre-SEDEX                  
6 Submission of final draft report                  
7 Submission of technical paper                  
8 Viva                  
9 Coal characterization test                  






RESULTS AND DISCUSSIONS 
 
4.1 Coal Properties Test 
In this study, the porosity, permeability and compressibility of the coal sample is 
determined by using the mercury porosimeter. This experiment is performed before the 
alkylation of coal process to identify the initial properties of the coal sample. Figure 4.1, 
4.2 and 4.3 shows the data collected from the experiment.   
 
 





















Figure 4.1 shows the permeability of the coal is 170.2 × 10-5 μm2 or 1.72 mD, 
which is rather low. Figure 4.2 shows the total porosity of the coal sample is at 23.35 %, 
without compressibility correction and the accessible porosity or the effective porosity 
of the coal sample is 6.34 %. The coal sample has a good porosity but only small 
portion of the total porosity are interconnected. Whereas Figure 4.3 shows the effective 
porosity with compressibility correction of 0.004951 MPa-1 is only at 0.03 %. This 
means that the properties of the coal sample is not very good under high pressure 
conditions. Therefore, this coal sample has a poor production capability.  
 
4.2 Alkylation of Coal 
The purpose of the project is to add alkyl group to the coal sample and then 
study the effect of alkylating the coal on the methane adsorption. At the beginning of 
the experiment, during the injection of the alkylating agent into the mixture, backflow 
of solution is observed. It happened because of the pressure build up inside the flask as 
gas is produced. As a solution, the rubber stopper that sealed off the reflux apparatus is 
removed until the gas stop producing to prevent the flask from blowing up. This gas is 
identified as hydrogen sulfide due to the reaction of hydrogen that is released by the 
coal and sulfur from the carbon disulfide solvent. Hydrogen sulfide is a colourless gas 
known as sewer gas. This is the source of the rotten egg odour during the experiment. 
The characteristics of hydrogen sulfide are poisonous, corrosive, flammable and 
explosive. Therefore it is dangerous to perform this experiment at a large scale. Other 
type of solvent for alkylation of coal should be used to prevent the production of 
hydrogen sulfide gas. 
Table 4.1 and 4.2 shows that the alkylation of coal experiment was run for 24 
hours under a reflux just above the boiling point of the carbon disulfide solvent, which 
is at 46.3 °C. There is fluctuation of temperature for both coal samples because of 
weather conditions during the day of the experiment. Table 4.1 and 4.2 shows the 
recorded temperature during the alkylation of coal process using Butyl Bromide and 
























0 54 500 56 1000 56 
20 54 520 56 1020 56 
40 54 540 56 1040 56 
60 54 560 56 1060 56 
80 54 580 56 1080 56 
100 55 600 56 1100 56 
120 55 620 56 1120 56 
140 55 640 56 1140 56 
160 55 660 56 1160 56 
180 55 680 56 1180 56 
200 55 700 56 1200 56 
220 55 720 56 1220 56 
240 55 740 56 1240 56 
260 55 760 56 1260 56 
280 55 780 56 1280 56 
300 55 800 56 1300 56 
320 55 820 56 1320 56 
340 55 840 56 1340 56 
360 55 860 56 1360 56 
380 55 880 56 1380 56 
400 55 900 56 1400 56 
420 55 920 56 1420 56 
440 56 940 56 1440 56 
460 56 960 56     





























0 56 500 55 1000 54 
20 56 520 55 1020 54 
40 56 540 55 1040 54 
60 53 560 55 1060 54 
80 53 580 55 1080 54 
100 53 600 55 1100 54 
120 53 620 55 1120 54 
140 54 640 55 1140 55 
160 54 660 55 1160 55 
180 54 680 54 1180 55 
200 54 700 54 1200 55 
220 54 720 54 1220 55 
240 54 740 54 1240 55 
260 54 760 54 1260 55 
280 54 780 54 1280 55 
300 54 800 54 1300 55 
320 54 820 54 1320 55 
340 54 840 54 1340 55 
360 55 860 54 1360 55 
380 55 880 54 1380 55 
400 55 900 54 1400 55 
420 55 920 54 1420 55 
440 55 940 54 1440 55 
460 55 960 54     
480 55 980 54     
 
After 24 hours, the two alkylated coal samples are acidified, filtered, washed 
with methanol water and vacuum dried. Vacuum oven is used to prevent the coal 
samples from burning during drying process, due to the low boiling point of carbon 




Table 4.3: Comparison of the results obtained from the two alkylated coal samples. 
Sample Butyl Alkylated Coal Ethyl Hexyl Alkylated Coal 
Dry weight before alkylation 5.0163 g 5.0184 g 
Dry weight after alkylation 5.7125 g 6.0994 g 
Increase in weight 0.6962 g 1.0810 g 
Percentage of increase 13.88 % 21.54 % 
 
There are two alkylating agents used in the alkylation process. One is Butyl 
Bromide which has a straight, four carbon chain structure as shown in Figure 4.4 while 
the other one; Ethyl Hexyl Bromide has a branched, six carbon chain structure as shown 
in Figure 4.5. It is observed that, the weight of the coal samples increased after the 
alkylation process. This is because of precipitation formed during the experiment. Table 
4.4 shows the alkylation process increases the weight of the coal sample by 21.54 % 
when the branched chain alkyl halide is used and only 13.88 % when a straight chain 
alkyl halide is used instead. Therefore, a branched and longer carbon chain of alkylating 
agent used for the alkylation process will have more effect on the coal. Figure 4.4 
shows the structure of the straight, four carbon chain alkylating agent; Butyl Bromide 
and Figure 4.5 shows the structure of the branched, six carbon chain alkylating agent; 
Ethyl Hexyl Bromide.  
 






Figure 4.5: Chemical structure of Ethyl Hexyl Bromide. [40] 
 
Figure 4.6 shows the molecular structure of coal consists of numerous stacks of 
benzene rings. Electron cloud is present between these stacks that act as a strong 
intermolecular attraction force. According to Speight (2012), alkylation process will 
increase the solubility of the coal. When alkyl molecule is introduced to the coal 
molecular structure, it act as a disturbance in the electron cloud that cause the 
intermolecular attraction force between the benzene rings to reduce. Therefore, the 
solubility of the coal increases. Figure 4.6 shows the stacking of benzene rings and the 
addition of alkyl group in coal structure. 
 





4.3 Coal Characterization Test 
In this part of the study, the standard coal, butyl alkylated coal and ethyl hexyl 
alkylated coal sample are characterized using the Fourier Transform Infrared 
spectroscopy. This test is to verify the types of chemical bonding present in each of the 
coal sample. 
The infrared absorption spectrum which is the results of the test is divided into 
three regions for each coal samples to ease the results analysis process. The first region, 
Region A of the Infrared absorption spectrum is from 4000 cm-1 to 2600 cm-1, Region B 
is from 2600 cm-1 to 1300 cm-1 and Region C is from 1300 cm-1 to 0 cm-1. Figure 4.7 
shows the infrared absorption spectrum of the standard coal sample that provides the 
control results for the experiment, Figure 4.8 shows the infrared absorption spectrum of 
the butyl alkylated coal sample and Figure 4.9 shows the infrared absorption spectrum 






Figure 4.7: Infrared absorption spectrum of the standard coal sample. 
 





Figure 4.8: Infrared absorption spectrum of the butyl alkylated coal sample.  
 
 





Figure 4.9: Infrared absorption spectrum of the ethyl hexyl alkylated coal sample.  




Figure 4.7 shows the infrared absorption spectrum of the standard coal sample. 
In Region A, O-H bond is absorbs at peak 3400 cm-1 to 3200 cm-1. There is also =CH2 
stretch slightly higher than 2900 cm-1. In Region B, there is a peak slightly higher than 
2300 cm-1 that indicates =NH2
+ stretch and C=C aromatic at peak slightly higher than 
1600 cm-1. In Region C, -OH bond can be found slightly lower than 1300 cm-1, C-H 
bond in range of 820 cm-1 to 680 cm-1 , C-Cl bond is absorbs from 600 cm-1 to 560 cm-1, 
C-Br bond at peak slightly higher than 500 cm-1 and C-I bond at peak slightly lower 
than 500 cm-1. 
Figure 4.8 shows the infrared absorption spectrum of the butyl alkylated coal 
sample. In Region A, O-H bonds can be found in range of 3400 cm-1 to 3200 cm-1 and 
there is =CH2 stretch slightly higher than 2900 cm
-1. In region B, there is an upward 
peak around 2300 cm-1 but unfortunately, there is no reading for the absorption that 
occurred at that peak. =NH2
+ stretch is absorbs slightly lower than 2200 cm-1 and there 
is C=C aromatic at peak slightly higher than 1600 cm-1. In Region C, there is a peak 
slightly higher than 1210 cm-1 that indicates C-F bond and C-Cl bond at peak slightly 
higher than 600 cm-1. 
Figure 4.9 shows the infrared absorption spectrum of the ethyl hexyl alkylated 
coal sample. In Region A, there are O-H bonds at 3400 cm-1 to 3200 cm-1 peak and 
there is also =CH2 stretch at peak slightly higher than 2900 cm
-1. In Region B, =NH2+ 
stretch can be found from 2600 cm-1 to 2200 cm-1. CO2 is absorbs at the upward peak 
around 2300 cm-1 and C=C aromatic at peak slightly higher than 1600 cm-1. In Region 
C, there are =C-H bending from 880 cm-1 to 820 cm-1, C-Cl bond from 660 cm-1 to 610 
cm-1, C-Br bond at peak slightly below 550 cm-1 and C-I bond at peak slightly below 
500 cm-1. 
Overall, it is observed that; 
In Region A, the O-H bond is found from 3400 cm-1 to 3200 cm-1 for all three 
samples and it is absorbs differently depending on its surrounding. The butyl alkylated 
coal sample has a narrower O-H bond peak compare to the other two samples and it also 





In Region B, C=C aromatic can be found slightly higher than 1600 cm-1 for all 
three coal samples. This shows that a coal has aromatic molecular structure which 
mostly is benzene ring. For the standard coal sample, there is a peak slightly higher than 
2300 cm-1 that indicates =NH2
+ stretch but for both of the coal samples that undergone 
the alkylation process, there is an upward peak around 2300 cm-1. 
The range in Region C which from 1300 cm-1 to 900 cm-1 is called the 
fingerprint region. This region has many small peaks that indicate the C-H rock. This 
region has a complex absorption pattern and it is difficult to interpret. However, each 
compound has its own unique pattern. Therefore, no two compounds can have the same 
pattern.   
The infrared absorption spectrum helps to verify the types of bond present in a 
molecules. However, it does not tell us whether the alkylation process has any effects 
on the coal because a normal coal already has alkyl, O-H, C=C and C-H bond in its 
structure. This is why there is not very much different between each of the infrared 
absorption spectrum of the coal samples. In conclusion, the branched and longer carbon 
chain alkylating agent used during the alkylation of coal has more effects on the 
infrared absorption spectrum as it gave more peaks compare to the straight and shorter 














From this project, the effects of alkylation process on the characterization of 
Malaysian coal are identified. It is confirmed that, using a branched and longer carbon 
chain alkylating agent for the alkylation of coal will have significant effects on the coal 
compare to a straight and shorter carbon chain alkylating agent because the longer 
carbon chain alkylating agent has higher physical and chemical properties and also they 



















Below are some recommendations for future work of this project. 
 Coal Properties Test 
1. Use other equipment to measure porosity, permeability and compressibility 
of the coal sample so that the average coal properties data can be obtained. 
2. Use larger sample size to get better result. 
 
 Alkylation of Coal 
1. Use different solvent and alkylating agent to get the relationship between 
each component of alkylation process and the methane adsorption of the coal 
sample. 
2. Use different solvent to avoid the production of harmful products.  
 
 Coal Characterization Test 
1. Perform the elemental analysis test to determine how much the coal sample 
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